Elevation of the levels of reactive oxygen species (ROS) is a major tissue-degenerative phenomenon involved in aging and aging-related diseases. The detailed mechanisms underlying aging-related ROS generation remain unclear. Presently, the expression of microRNA (miR)-142-5p was significantly upregulated in bone marrow mesenchymal stem cells (BMMSCs) of aged mice. Overexpression of miR-142 and subsequent observation revealed that miR-142 involved ROS accumulation through the disruption of selective autophagy for peroxisomes (pexophagy). Mechanistically, attenuation of acetyltransferase Ep300 triggered the upregulation of miR-142 in aged BMMSCs, and miR-142 targeted endothelial PAS domain protein 1 (Epas1) was identified as a regulatory protein of pexophagy. These findings support a novel molecular mechanism relating aging-associated ROS generation and organelle degradation in BMMSCs, and suggest a potential therapeutic target for aging-associated disorders that are accompanied by stem cell degeneration.
Results
To identify miRNAs upregulated in aged BMMSCs, we performed miRNA-sequencing for PαS-double positive cells collected from the bone-marrow (BM) of young and aged mice. It was revealed that 32 miRNAs exhibited a log2 fold change of >3 in the aged BMMSCs. Among these, we chose miRNAs showing a mean value of relative expression >1,000 and focused on miR-142 since it showed the largest difference in expression levels between young and aged BMMSCs (Table S1) , and its expression level was higher than ubiquitously expressed miRNA in undifferentiated BMMSCs such as miR-125b 27 , miR-204 28 , and let7c 29 . Quantitative RT-PCR (qRT-PCR) showed the upregulation of miR-142 in the BM and in BMMSCs collected from aged mice (Figs. 1 and S1).
Next, we examined if miR-142 was involved in ROS generation in BMMSCs. When BMMSCs were transfected with a miR-142 mimic, ROS levels increased ( Fig. 2A) . To determine the reason for the increased ROS levels, we performed electron-microscopic observation of BMMSCs transfected with the miR-142 mimic. Using TEM, we found that the number of peroxisomes increased in BMMSCs containing the miR-142 mimic (Fig. 2B,C) . From these results, we hypothesized that miR-142 induced ROS generation via induction of peroxisome accumulation.
As a regulation mechanism of peroxisomal abundance, we focused on pexophagy, which is one of the most important regulatory mechanisms of peroxisomes. To detect peroxisome and pexophagic activity, we produced transgenic cells expressing peroxisome-targeted DsRed (DsRed-PTS1) and LC3B-GFP reflecting autophagy. Under normal conditions, approximately 33% of DsRed-positive peroxisomes overlapped with GFP fluorescence, indicating that these peroxisomes underwent pexophagy. When the cells were observed 1 h after rapamycin treatment, the abundance of GFP/DsRed-double-positive particles increased, while the DsRed single positive particles slightly decreased ( Fig. S2 ). When the cells were treated with Wy-14643, which is a selective agonist of peroxisome proliferator-activated receptor-α 30 , the abundance of DsRed positive particles significantly increased ( Fig. S2 ). Based on these results, we concluded that our system was useful for detecting both peroxisomes and pexophagy. By transfecting the miR-142 mimic, the abundance of DsRed-positive particles representing peroxisomes significantly increased. However, GFP signals that represented autophagy were suppressed in the cells (Fig. 3A,B ). To determine whether the pexophagy activity was affected by miR-142, we produced a pexophagy reporter that is a GFP and PTS1-tagged tandem monomeric DsRed (RFP). The reporter protein locates to the peroxisomes by the PTS1 peroxisome targeting signal, and when an autophagosome targets the peroxisome, the GFP domain of the reporter is digested by lysosomes and the DsRed fragment, which is relatively stable, remained 31 . Under autophagy-induced culture conditions, a clear band showing the DsRed domain was detected. Conversely, the DsRed fragments were decreased by transfection of miR-142 mimic ( Fig. 3C ) www.nature.com/scientificreports www.nature.com/scientificreports/ To elucidate the mechanism of the miR-142-mediated pexophagy regulation, we performed target prediction using miRDB 32 and DIANA-Tarbase v 7.0 33 . From the results of the prediction analysis and previous studies 34 , we hypothesized that miR-142 affects peroxisome abundance through suppression of Epas1, which was an important regulator of pexophagy, in aged BMMSCs. To demonstrate that Epas1 plays an important role in pexophagy during aging, we observed the expression level of Epas1 in young and aged BMMSCs, and then performed siRNA-mediated suppression of Epas1 to evaluate pexophagy activity using the DsRed-PTS1/LC3-GFP system in BMMSCs. In the aged BMMSCs, Epas1 expression was suppressed compared with young BMMSCs (Fig. 4A ). Treatment with siRNA against Epas1 (siEpas1) resulted in approximately 85% suppression of Epas1 mRNA compared with control treated with a scrambled siRNA sequence and ROS generation (Figs. 4B and S3). Western blot (WB) analysis showed that decreased Epas1 expression also occurred at the protein level with siRNA treatment (Fig. 4C ). The decreased amount of Epas1 affected the pexophagy-related genes Pex10 and Pex14. Consistent with previous studies 34 We investigated if miR-142 downregulated Epas1 expression in BMMSCs. As expected, the expression level of Epas1 was suppressed in BMMSCs transfected with the miR-142 mimic ( Fig. 5A ). WB analysis also showed decreased expression of Epas1 in BMMSCs transfected with the miR-142 mimic ( Fig. 5B ). To confirm if miR-142 targets Epas1, we constructed a luciferase (Luc) expression plasmid containing the 3′ UTR sequence of Epas1 and compared the expression levels between wild-type Luc and Luc-Epas1 3′ UTR in BMMSCs transfected with the miR-142 mimic. In normal BMMSCs, the expression levels of Luc were not different either with or without Epas1 3′ UTR. In contrast, expression of Luc-Epas1 3′ UTR was significantly suppressed in BMMSCs transfected with the miR-142 mimic (Fig. 5C ). To further determine the molecular relationship between miR-142, Epas1, and pexophagy, we performed a compensation experiment using an overexpression plasmid for an active mutant of Epas1 (acEpas1), which is stable even under normoxia and lacks a 3′ UTR 35 . Consistent with our hypothesis, the introduction of acEpas1 restored pexophagy activity and suppressed the miR-142-induced peroxisomal accumulation To determine whether the suppression of pexophagy by miR-142 was canceled by overexpression of acEpas1, we performed the GFP-DsRed tandem reporter assay and observed that pexophagy activity was recovered by acEpas1 expression (Fig. 5F ).
Next, we examined the molecular mechanisms responsible for upregulation of miR-142 in aged tissues. It has been demonstrated that the expression level of miR-142 is suppressed by acetyltransferase Ep300 36 . Ep300 is a protein that undergoes aging-associated downregulation 37 . We found that the expression level of Ep300 was lower in aged BM and BMMSCs than in young mice (Figs. 6A and S1). From these data, we hypothesized that suppression of Ep300 increased expression of miR-142 in aged BMMSCs. To validate this hypothesis, we suppressed expression of Ep300 with a siRNA in BMMSCs and observed the expression levels of miR-142 and Epas1. When the BMMSCs were treated with siRNA against Ep300 (siEp300), a significant decrease in Ep300 (Fig. 6B,C) , an www.nature.com/scientificreports www.nature.com/scientificreports/ increase in miR-142, and a decrease in Epas1 expression were observed (Fig. 6D ). In the siEP300 treated cells, amounts of ROS levels, accumulation of peroxisomes, and amounts of pexophagy were examined. Transfection of siEP300 increased intra-cellular ROS levels (Fig. 6E ). The effect of siEp300 and miR-142 was additive; both the fluorescence imaging assay with the DsRed-PTS1/LC3-GFP system and the GFP-DsRed tandem reporter assay showed that co-transfection of the miR-142 mimic and siEP300 increased suppression of pexophagy compared with the single transfection of miR-142 ( Fig. 6F,G) .
From these results, we concluded that miR-142 received suppressive regulation by Ep300 and that disruption of Ep300 during aging could be a trigger for the upregulation of miR-142 expression and the subsequent disruption of pexophagy regulation and ROS generation in aged cells.
Discussion
Accumulated ROS disturbs the maintenance and proliferative ability of stem cells 38 by activating cell cycle suppressors 39 or inducing differentiation commitment 40, 41 . Furthermore, elevated ROS levels in MSCs reduce their engraftment potential and induce apoptosis after transplantation 26, 42 . Thus, elucidating the molecular mechanisms underlying ROS accumulation and the development of therapeutic ROS modulation are essential to address aging and aging-related diseases. As a molecule involved in ROS accumulation in aged stem cells, we focused on the aging-associated miRNAs and performed miRNA sequencing. The results revealed that miR-142 was significantly upregulated in aged BMMSCs.
Consistent with our observation, Park et al., also found that the expression level of miR-142-5p increases in dendritic cells derived from aged bone marrow 43 . However, Zang et al. reported that the expression level of miR-142 in serum decreases during the aging process 44 . Tissue or cell lineage specificity could be responsible for the discrepancy. For example, Zang et al. observed decreased expression of miR-29b in serum obtained from aged individuals. However, miR-29b is upregulated in aged brain 45 , aorta 46 , and cochlear tissues 47 . These findings highlight that care is needed in the selection of miR-142 as a marker for detection of tissue/organ aging or as a common molecule inducing stem cell aging in different tissues.
In the cultured BMMSCs transfected with miR-142, an increased ROS level was detected with the CellROX assay. Previously, several research groups have demonstrated the involvement of miRNA in ROS generation. For example, miR-210, which is upregulated during hypoxia, induces accumulation of ROS and apoptosis 48 by suppressing mitochondrial activity 49 . miR-142 50 , miR-377 51 and miR-200c 52 are also reported to be involved in ROS generation by targeting anti-oxidant genes. However, suppression of antioxidants such as Nrf2, Sod1, Foxo1, and Foxo3 by miR-142 was not significant in the present study (Fig. S4) . In a previous study, we addressed a mechanism of the aging-associated miRNA (Ag-miRNA) induced ROS generation and revealed that miR-155 inhibits expression of antioxidant related genes and increased ROS levels by debilitating tolerance against oxidation stresses. We hypothesized that miR-142 induced ROS accumulation through a considerably different mechanism from the previous models since overexpression of miR-142 further exacerbated the miR-155-induced ROS accumulation ( Fig. S5) . Interestingly, TEM observation clearly revealed that the number of peroxisomes increased in BMMSCs transfected with the miR-142 mimic. This phenomenon was reproducible even when unpassaged primary BMMSCs with short culture period (120 h) were used (Fig. S6) .
Under normal physiological conditions, the amount of peroxisomes is regulated by a balance between biogenesis and turnover. Especially, the selective autophagy of peroxisomes-pexophagy-is an important process responsible for the maintenance of peroxisomal quality and quantity 53 . Senescent cells contain approximately twice as many peroxisomes immunolabeled with the peroxisomal membrane protein 70 kDa (PMP70) or Pex14p 20 , as compared to early passage cells. Similarly, peroxisomes proliferate in the human retinal epithelia of aged individuals 54 . These findings indicate that the turnover of peroxisomes is disrupted in aged cells/tissues, and could be a cause of ROS generation that occurs with aging. In our study with a transgenic BMMSC line stably expressing LC3-GFP/DsRed-PTS1, we hypothesized that miR-142 suppressed pexophagy and led to increased numbers of peroxisomes. To date, it has been posited that a ubiquitin-binding autophagic receptor Nbr1 is necessary and sufficient for pexophagy activity 34, 55 . On the other hand, miR-142 did not seem to affect the gene expression of Nbr1 at least in our study. Compared with the direct suppression of Nbr1 by siRNA, in which a three-fold increase in peroxisomes compared with control was detected, the effect of miR-142 overexpression for peroxisome accumulation was weak. However, the function of miR-142 was additive to siNbr1 treatment (Figs. S7 and S8). These findings indicate that miR-142 regulates pexophagy by targeting an upstream or independent molecule from Nbr1. We investigated the direct targets of miR-142 using target prediction with open software, and focused on Epas1 (Hypoxia inducible factor 2A), which is a master regulator of the adaptive response to hypoxia. Walter et al. reported that hypoxia inducible factor (HIF) 2A ensures the efficient depletion of the peroxisome pool by simultaneously inducing pexophagy 34 . As a possible reason for the regulation of pexophagy by Epas1, peroxisomal function may be highly dependent on oxygen concentration 56 . Thus HIF signaling that is used to adapt to low oxygen conditions could be a suitable molecule to regulate the numbers of peroxisomes and their oxygen consumption. Although the aging-dependent expression changes of Epas1 in BMMSCs are still unclear, significant downregulation of Epas1 in aged PαS BMMSCs were observed in the present study. Evidence supporting the idea that Epas1 was reduced in aged BM cells was also found in a previous gene expression profile 57 . These data prompted our hypothesis that Epas1 could be a promising candidate mediating miR-142 expression and the dysregulation of pexophagy in aged BMMSCs. Consistent with a previous report 34 , suppression of Epas1 resulted in deterioration of pexophagy and accumulation of peroxisomes. Furthermore, consistent with our expectation, Epas1 expression was suppressed in BMMSCs transfected with the miR-142 mimic. However, overexpression of Epas1 counteracted the miR-142 induced proliferation of peroxisomes. From these results, we concluded that miR-142 suppressed pexophagy via regulation of Epas1.
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(2020) 10:3735 | https://doi.org/10.1038/s41598-020-60346-2 www.nature.com/scientificreports www.nature.com/scientificreports/ As a factor triggering the upregulation of miR-142, we focused on Ep300. It has been reported that miR-142 is downregulated by acetyltransferase Ep300 36 . Importantly, Ep300 appears to be downregulated with aging 37 and with increasing doubling times in cultured cells 58 . Furthermore, it has also been reported that inhibition of Ep300 can induce aging phenotypes, such as senescence associated β-galactosidase expression 58 and accumulation of DNA damage 59 . Consistent with our expectation, suppression of Ep300 led to increased expression of miR-142, accumulation of peroxisomes, and accumulation of ROS. These data support the conclusion that there is a molecular pathway that is responsible for inducing ROS generation in aged BMMSCs. In the first step of this pathway, reduction of Ep300, which occurs during aging or cellular senescence processes, leads to upregulation of miR-142. The increased miR-142 targets Epas1, and the reduced level of Epas1 results in disruption of the normal maintenance of peroxisomes ( Fig. 7) . From the perspective of a therapeutic application, miR-142 could be an attractive target for miRNA-targeting therapy, since miR-142 is highly expressed in Alzheimer's disease 60 , multiple sclerosis 61 , and osteoporosis 62 , in addition to aged tissues. These findings indicated that the inhibition of miR-142 using a specific inhibitor could be a potential therapeutic approach for some chronic diseases and various aging-associated cell/tissue degenerations.
Obviously, it is impossible to explain the aging-associated deterioration of peroxisomal maintenance and ROS generation only by the above scheme. We think there are at least three limitations. First, reduction of Ep300 and Epas1 may possibly generate ROS without mediation of miR-142. For example, Sun et al., reported that acetylation of Nrf2 by CBP/Ep300 involves maximum binding of Nrf2 to specific ARE-containing promoters 63 . This suggests that the reduction of Ep300 could lead to the wasting of anti-oxidation-related gene expression. Furthermore, several studies showed that depletion of Epas1 expression can reduce the expression of genes related to anti-oxidant systems, such as Sod1, catalase, and heme oxygenase 1 (Hmox1) 64, 65 . Second, miR-142 expression can be enhanced not only by reduction of Ep300 but also by stimulation with enhancer molecules. The inflammatory cytokines, IL-4 and IL-13, can trigger miR-142 expression 66 . It is well known that aging tissues are in an inflammation-like condition and express various inflammatory molecules. Therefore, it is highly possible that these cytokine signals and Ep300 downregulation simultaneously enhance expression of miR-142 in the actual tissues where aging-associated degeneration occurs. Third, we should pay attention to the roles of miR-142 in normal development and tissue homeostasis. In general, miRNAs have multiple target genes. Thus, understanding its original role is very complicated. For example, even miR-21, which is one of the well-studied pathogenic miRNAs, is important for normal development 67, 68 ; it has been reported that miR-142 is critical for hematopoiesis 69 and the control of adaptive growth in cardiomyocytes 70 . Thus, further detailed studies of the targets and functions of miR-142 in normal tissue homeostasis are essential. This understanding may enable the use of miR-142 as a marker and target for therapeutic control. 
